Germanium has one of the highest refractive indices and extinction coefficients in the optical range, making it an attractive material to study Mieresonance-induced absorption in subwavelength structures. In this work, at first mode analysis of a subwavelength sphere in a complex permittivity plane is provided to simultaneously examine the Mie and plasmon resonances at once, which are often discussed separately. Electromagnetic calculations show enhanced absorption of germanium nanospheres at Mie resonances. To experimentally confirm the predicted results, germanium nanoparticles are successfully fabricated through reactive thermal arc plasma method. The size distribution of germanium nanoparticles enables broad extinction from UV to near infrared even though the Mie resonance peak of individual nanoparticles is rather narrow. Enhanced absorption is confirmed by a solar photothermal experiment. The work proves the applicability of strong Mie resonances excited at subwavelength germanium particles.
Introduction
Optical absorption of metallic nanostructures including nanoparticles dramatically increases at plasmon resonances. Plasmon resonances can lead to enhanced charge density oscillation and electric fields, which are eventually absorbed by the metallic nanostructures through nonradiative decay. [1] For a plasmonic nanoparticle, absorption cross-section can be far larger than its geometrical cross-section. If subwavelength plasmonic nanostructures are properly designed, perfect absorption can be attained even with subwavelength thickness. [2] Optical absorption by plasmonic nanostructures results in heating, no difference to other optical absorption such as black paint. What makes plasmonic photothermal effect special is its succeeded in physically fabricating Ge nanoparticles. Although Ge nanoparticles [17] and nanowires [15, 18] have been reported for photoluminescence and optoelectronic applications, the chemically synthesized Ge nanoparticles are often too small to show Mie resonances and their applications are thus limited. [19] Our optical characterization and solar water heating experiment confirm that Ge nanoparticles have strong optical absorption and solar photothermal effect to water.
Mode Analysis of Spherical Particles
So far, plasmon and Mie resonances are treated and discussed separately because they are excited in different classes of materials. However, these two resonances can be holistically understood in a complex permittivity plane. Thus, we first analyze the resonant modes of a subwavelength sphere in a complex permittivity plane. Consider a spherical nanoparticle in an isotropic host and define a normalized parameter x (x = kr) as the multiple of the particle radius (r) and the wavenumber (k = 2 nπ/λ) of the incident electromagnetic wave where n is the host refractive index and λ is the wavelength. Since Maxwell's equation is scalable, using a normalized parameter allows us to shift from one wavelength to another or to move from one radius to another. For instance, if the parameter x is 0.6 and n is 1.33, r and λ can take the combination of (r, λ) = (50 nm, Using Mie theory, scattering and absorption cross-sections of spherical particles in an isotropic host whose refractive index is 1.33 are calculated. Afterward, the scattering and absorption cross-sections were divided by the cross-sectional area of the particles to make these parameters dimensionless, which correspond to commonly used terms scattering and absorption efficiencies, respectively. Figure 1 shows the scattering and absorption efficiencies of a spherical particle plotted in a complex permittivity plane at x = 0.3, 0.6, and 0.9 where the host is water (refractive index = 1.33). Extinction efficiency, which is the sum of scattering and absorption efficiency, is also included in Figure 1 . Complex permittivity coordinate can be classified into two regions depending on the sign of Re[ε]: while materials that fall in Re[ε] < 0 region are metals and highly conductive materials such as transparent conductive oxides [20] and cermets, [21] materials in Re[ε] > 0 region are dielectrics and semiconductors. Note that although some phononic materials such as silicon carbide [22] also have Re[ε] < 0 in a narrow range of mid infrared, none of them have surface phonon polaritons in the optical range and are therefore not considered in the current discussion.
A high intensity area in each scattering efficiency map in Re[ε] < 0 region is observed due to the excitation of localized surface plasmon resonance (LSPR) at Fröhlich condition. At (3 of 6) 1600902 LSPR, electrons oscillate coherently inside a sphere. Enhanced absorption efficiency due to Landau damping also appears at nearly the same coordinate. From the absorption efficiency plots of Figure 1 , there exists an optimal value for Im[ε] to maximize the absorption efficiency. An approximate criterion to achieve enhanced absorption for a subwavelength sphere is; 0 < |Re[ε]| < 10 and 0 < Im[ε] < 10.
In Figure 1 , there are also high intensity areas in Re[ε] > 0 region whose intensities are comparable to those of plasmon resonances. These are Mie resonances where a sphere behaves like a photonic cavity. The figures indicate that if Re[ε] is large enough, even a subwavelength sphere can excite Mie resonances. As parameter x becomes large, higher order modes appear after the first mode (magnetic mode). Similar to LSPR, the absorption is enhanced at Mie resonances, which can be seen from the absorption efficiency plots in Figure 1 Figure 2a , the complex permittivity of Ge is plotted in a complex permittivity plane for the wavelength range of 300-1200 nm. [11] By comparing to Figure 1 , it is noticed that the permittivity of Ge meets Mie resonance condition even when the sphere is in subwavelength regime. For instance, if (Im[ε], Re[ε]) = (1.44, 20.19), it meets the magnetic resonance condition of x = 0.9 when r = 102 nm at the wavelength of 950 nm. Figure 2b plots the scattering, absorption, and extinction efficiencies of Ge spheres in water where the radii range from 40 to 80 nm. Each sphere shows distinct Mie resonances even though all the spheres are in subwavelength scale. The peak at the longest wavelength is a magnetic resonance and the next one is an electric resonance. For larger spheres, magnetic and electric resonances are well separated, which is similar to silicon nanospheres. [23] The peak position redshifts as the radius gets larger, hence, if an ensemble of Ge nanoparticles have size distribution, the Mie resonances of the Ge nanoparticles are expected to cover a broad spectral range.
To visualize the resonance modes, multiphysics simulations based on finite element method were performed by coupling electromagnetically induced heat to heat transfer equation. [24] In Figure 2c electric field norm, absorption density, and temperature increase at the electric and magnetic resonances are shown for an 80 nm radius Ge sphere in water. All the color maps were solved for steady states. While electric field and absorptivity density have weak and strong intensity areas inside the sphere, the temperatures are uniform inside the sphere. Since the sphere is quite small, the thermal gradient inside the sphere is negligible, which results in constant temperature for the sphere. Similar results have been obtained for a gold nanosphere at the plasmon resonance. [25] 
Results and Discussion

Fabrication and Crystal Characterization
In experiment, Ge nanoparticles were synthesized through reactive thermal arc plasma method. [26] Since it is a physical process, the obtained nanoparticles are free from residual chemicals and it is possible to synthesize relatively large amount at once in contrast to laser induced transfer. [13] Briefly, Ge pellets (Kurt J. Lesker Company) as shown in Figure 3a were placed on a water-cooled copper hearth in hydrogen-argon atmosphere and kept for an hour. Next arc plasma was initiated and nanoparticles started to form where arc plasma was irradiated at 150 A and 25 V. These nanoparticles flew to the filter to be collected through circulating gas flow. Before taking out the nanoparticles, the chamber was filled with argon containing less than 1% oxygen to avoid sudden burning of the nanoparticles. Figure 3b shows the synthesized Ge nanoparticles with the filter used to collect nanoparticles. When Ge became nanoparticles, the metallic color of the original pellets seen in Figure 3a disappeared and the synthesized nanoparticles looked black as shown in Figure 3b . Figure 3c shows the bright-field transmission electron microscopy (TEM) image of the Ge nanoparticles. The shape was spherical and the size ranged from ≈20 to 260 nm in diameter. The d-spacing estimated from the high-resolution TEM image shown in Figure 3d is 0.31 nm, which was in good agreement with the reference. [27] Figure 3e shows X-ray diffraction (XRD) pattern of the Ge nanoparticles. [27] Both results indicated that the nanoparticles have single Ge phase. Figure 4a shows a dark-field microscope image of the Ge nanoparticles on a glass substrate. Although some colorful bright spots were observed, most of the bright spots appeared whitish, which could be due to the intrinsic scattering and absorption of Ge especially in the shorter wavelength range (λ ≲ 650 nm) as plotted in Figure 2 . Larger Ge nanoparticles showed higher scattering efficiencies and scatter more, but the resonance peaks were in the near-infrared range. Small nanoparticles scattered less and were dominated by featureless shorter wavelength scattering or absorption.
Optical Properties
Before measuring the extinction of the Ge nanoparticles dispersed in pure water, the sizes of one hundred Ge nanoparticles were measured from TEM images. The histogram presenting a size distribution of the Ge nanoparticles is plotted in Figure 4b . As can been expected from Figure 3c , the size distribution was rather broad. Figure 4c shows that the extinction spectrum of the Ge nanoparticles dispersed in pure water measured by a UV-vis spectrometer (V-570, JASCO). Broad extinction was seen from UV to near infrared. As presented in Figure 2 , the extinction spectrum of individual Ge nanoparticle is rather narrow. However, since the synthesized Ge nanoparticles had size distribution, the overall extinction became a wide-band spectrum. To confirm this prediction, the extinction spectrum of the Ge nanoparticles was analtically calculated by taking into account the size distribution as in Figure 4b . The calculation procedure was based on Mie theory reported in ref. [28] . The calculated extinction spectrum, shown in Figure 4c , qualitatively agreed well with the measured extinction. This supported the assumption that the broad extinction was achieved due to the size distribution of the Ge nanoparticles.
Photothermal Effect
By definition, extinction consists of scattering and absorption. To experimentally investigate Mie resonance enhanced optical absorption and broadband photothermal effect of the Ge nanoparticles, solar heating experiment was carried out. The experimental procedure was identical to our previous experiment. [10] The Ge nanoparticles was dispersed in pure water by sonication and the vaporized amount of water and the temperature The results of the vaporized weight and temperature increase are summarized in Figure 5a ,b, respectively. Adding Ge nanoparticles improved heating and vaporization of water compared with pure water. The vaporization monotonically increased as the Ge nanoparticle concentration increased up to 0.01 vol%; however, the temperature increase reached the maximum at 0.001 vol%. Since the thermocouple was placed at the bottom of the beaker to minimize direct illumination of the thermocouple, this setting may have affected the results of recording lower temperature at higher concentration. Another thing to be noted was the effect of multiple light scattering in water. [29] Incident light was scattered several times inside water until it was reflected back outside or totally absorbed by the Ge nanoparticles or water. The interplay between absorption and scattering in terms of solar photothermal effect was another issue that needed to be investigated further.
Overall, the results clearly indicated that an ensemble of Ge nanoparticles having size distribution could work as efficient broadband solar absorber. It is of interest to compare the photothermal performance of Ge nanoparticles to others. With this regard, the experimental results, as reported in ref. [10] , for carbon nanoparticles measured under identical condition were selected. It was found that the solar photothermal performance of Ge nanoparticles was comparable to that of carbon nanoparticles at the same concentration. From this comparison, it is concluded that Mie resonances could compensate the low extinction of Ge to have strong absorption as a whole that was comparable to carbon.
Conclusion
Mie and plasmon resonances can be treated together when resonance mode analysis is carried out in a complex permittivity plane. www.advancedsciencenews.com light absorption as shown from our electromagnetic calculations. In experiment, we successfully fabricate Ge nanoparticles by reactive thermal arc plasma method and demonstrate that an ensemble of Ge nanoparticles with size distribution show broad extinction covering from UV to near infrared. By dispersing Ge nanoparticles into water, water heating and vaporization improved to the level almost comparable to carbon nanoparticles under the identical condition. Our results open the door to use Ge nanoparticles in resonance-enhanced absorption and extinction applications which could potentially replace plasmonic nanoparticles.
